Abstract-A new procedure to obtain single-polarization singlemode polymeric optical fibers is reported. The selective polarization confinement loss mechanism is obtained by applying external hydrostatic pressure in a specially designed side-hole microstructured polymer optical fiber. It is shown that, at nm, pressure around 380 bar allows inducing confinement loss as high as 35 dB/m for one polarization state while the other is guided with low loss ( dB/m). The loss mechanism is shown to be related to coupling between the fundamental core modes and the cladding modes of the pressurized fiber. Finally, the possibility of tuning the single-polarization single-mode state with the input wavelength with fixed pressure or by introducing small changes in the inner ring of holes of the fiber cross section is presented.
I. INTRODUCTION

S
INCE THE appearance of photonic crystal fibers, new and exciting applications have been developed due to their remarkable propagation characteristics [1] - [3] . Taking advantage of these features, many theoretical and experimental studies are being realized relating some propagation characteristics of the fibers, made of silica or polymethylmethacrylate (PMMA), and its external conditions such as hydrostatic pressure, temperature, strain, or bending [4] - [8] . For instance, in the case of temperature, it was found that phase modal birefringence sensitivity is at least one order of magnitude smaller in photonic crystal fibers than in conventional birefringence optical fibers. This feature has strongly motivated the use of microstructured optical fibers in sensors of other physical quantities such as pressure, axial force, and strain.
When hydrostatic pressure is applied on the fiber, the phase modal birefringence and confinement loss are modified due to the photoelastic effect. In the first case, it is possible to make interferometric modal sensors [5] . Playing with the confinement loss, on the other hand, makes it possible to reach a single-po-larization single-mode (SPSM) state with some fiber geometries [9] - [12] . These SPSM fibers are useful as polarizing elements in high-power fiber lasers, fiber optic gyroscopes, current sensors, and super luminescent sources [13] . An SPSM microstructured polymer optical fiber (mPOF) was already reported as a potential candidate for applications in ultrahigh-speed data transmissions in short distance local area networks [11] . This application also opens the possibility to use mPOFs in areas related to Fibre To The Home, automotive industry, and consumer electronics where the standard polymer optical fibers are already in use [3] .
To reach the single polarization state, the present authors showed recently a brief study relating the influence of hydrostatic pressure over the confinement loss of the fundamental core modes [14] . In this paper, the effect of external hydrostatic pressure over the confinement loss in a side-hole mPOF (SH-mPOF) is studied and methods to tune the SPSM state are presented. The study was carried out in the visible region, where the PMMA is transparent [3] . By using a full-vector finite element method, the effective complex refractive index for the fundamental core modes and the cladding modes was calculated in order to determine the effect of the pressure over the confinement loss.
The results show that the SPSM regime can be obtained by applying external hydrostatic pressure for a fixed wavelength and that tuning the operation pressure is achievable by modifying the input wavelength. Finally, the effect of small changes in the fiber microstructure is considered.
II. MODELING
The change in the optical fiber characteristics occurs due to the photoelastic effect. The stress generated by pressure into the fiber induces anisotropy in the material refractive index, where the plane-strain approximation is assumed-in which the length of the fiber is much longer than any dimension of the waveguide cross section. The anisotropic refractive index has the form
where is the Sellmeier refractive index for the isotropic material, bar and bar are the stress-optic coefficients for PMMA, and are the normal stress components, and is the shear stress. and coefficients were calculated by using the conventional analytical expressions for isotropic materials [15] . In these expressions, the following parameters were used for PMMA: Young's 0733-8724/$26.00 © 2011 IEEE 
modulus,
GPa; Poisson's ratio, ; photoelastic coefficients, and [16] . To model this problem, a commercial full-vectorial finite element software was used. The optical and mechanical effects were coupled with this program by using the structural mechanics and radio frequency package modules.
The structural mechanics module solves the equilibrium equations,
. Here, the stress tensor is assumed, for isotropic materials, to be linearly dependent to the strain, being its dependence related to the elasticity matrix, and denotes the volume forces that in this case are assumed to be null. The radio frequency module, on the other hand, implements the vectorial propagation equations for both and fields. In addition, a special truncation technique is used, based on a circular perfectly matched layer, surrounding the microstructured cladding in order to allow calculating the imaginary part of the effective refractive index related to the confinement loss [17] .
III. RESULTS
The proposed SH-mPOF is shown in Fig. 1 and has the following geometrical parameters: separation between holes (pitch), m-constant across the microstructure, diameter of the bigger and the smaller holes, 4.0 and m, diameter of the two large air channels (side holes) and the separation from each one to the fiber center, 30 and 50 m, respectively. The arrows in the figure represent the applied hydrostatic pressure. It should be noted that the microstructure is not significantly deformed in the pressure range studied here and, as a consequence, the confinement loss is not drastically modified due to the slight geometric change. The modal birefringence, for example, changes less than 1% when the deformation is taken into account-and so, to simplify the model, was not considered here.
The fiber has a simulated phase birefringence for nm when no pressure is applied. In addition, the sensitivity of the phase modal birefringence to the hydrostatic pressure at the same wavelength is low, MPa , in contrast to other side-hole fibers [18] , [19] , where can achieve MPa . To evaluate the SPSM operation it was necessary to estimate the polarization extinction ratio (PER) defined as [20] ( 5) where and are the transmitted optical power of the fast-and slow axis modes (see Fig. 1 ), respectively.
By using of the definition of the PER in (5) and the definition of the loss (attenuation), it is possible to demonstrate also that The variation of the material refractive index, (1)- (3), due to the modeled values of the stress components (typical results in Fig. 2 ), changes the effective refractive index of the fiber core and cladding modes. Fig. 3 shows the behavior of these indexes as a function of pressure. As the SH-mPOF is single mode at the wavelength range used in this paper, the core modes are represented as the fast-and slow axis modes (see Fig. 1 ), and are denoted by FM-y (y-polarized) and SM-x (x-polarized), respectively. In the cladding, we have the fundamental spacefilling modes (FSM) [21] (x-and y-polarized) and, the cladding low-order modes that are denoted as (x-and y-polarized), where the subscripts 2 and 1 indicate the number of the dominant electric field extremes along of the x-and y-axes, respectively. These fields are symmetrical with respect to the y-axis.
As can be seen from Fig. 3 , the effective indexes are, in all cases, enhanced by pressure because the material refractive index increases with pressure. The cladding effective in- dexes, however, increase at a higher rate. This index enhancing is related to (1) and (2): the applied pressure induces a negative stress (see Fig. 2 ) that is multiplied by a negative factor (stress-optic coefficients). Due the different rates of the core and cladding modes enhancement, a phase-matched condition (PMC) is obtained-labels 1, 2, 3, and 4-when the effective core and cladding mode indexes become equal.
The different rates of the core and cladding modes that change with the applied pressure (see Fig. 3 ) are related to how the stress is distributed in the core and cladding regions. As expected from Fig. 1 , the core experiences a diminishing in the stress components ( and ) as it is surrounded by four bigger holes in the first ring (y-axis), and the side holes in the x-axis. The cladding modes sensitivity to pressure, on the other hand, is only influenced in the x-direction by the side holes. As a result, the cladding modes suffer stronger influence than the core ones.
In addition, it can be noted that the modal birefringence of the core modes is maintained almost constant for this pressure range being twice the value when the pressure is null. In the case of the FSM modes, the modal birefringence is approximately for the same pressure range and around when no pressure is applied. Therefore, the sensitivity of the FSM mode is larger than the sensitivity of the core mode.
To clarify the influence of the side holes in the fiber characteristics and to better show that the coupling in the y-direction happens for lower pressures than the coupling in the x-direction (see labels 1 and 2 in Fig. 3) , the fiber refractive indexes are presented. Fig. 4 shows the changes in the material refractive index for nm and bar. Fig. 4(a) shows the changes in the refractive index . is not shown but have almost the same values due to the very similar stress-optic coefficients for PMMA (1) and (2) . Fig. 4(b) and (c) shows the changes in the refractive index ( and ) for the x-axes [see Fig. 4(a) ] and y-axes [see Fig. 4(b) ]. The gray areas represent the cladding holes regions (air). As noted in Fig. 4(b) , the change in the material refractive index in the cladding region is higher than in the core as observed in Fig. 3 . Also, the refractive index changes in the cladding region for the fiber with side holes (solid lines) are higher than the changes for the same fiber but without the side holes (dashed lines), while in the core the values are similar.
In resume, the presence of the side holes means that the PMC of the core-cladding modes can occur at a lower applied pressure. To quantify this effect, the confinement loss was calculated: while it takes 380 bar to induce the first PMC in an SH-mPOF(label 1, Fig. 3 ), this value changes to 725 bar for the same fiber but without the side holes.
With a careful look in Fig. 4(b) , it can also be observed that is greater than in the cladding while the opposite occurs in the core area meaning that the PMC of the core-cladding modes will occur first for y-polarized modes (label 1, Fig. 3 ). In Fig. 4(c) (y-axis) , and do not show a significant difference for both core and cladding, apart from the two peaks that are related to the small gap between the holes with bigger diameter ( , Fig. 1 ), where the stress is greater as seen in Fig. 2 .
To check how the confinement losses of the x-and y-core modes evolve with the applied pressure, its values are plotted for nm and are shown in Fig. 5(a) . Here, the variation of the confinement loss is related to the coupling between the core and cladding modes. Initially, the confinement loss increases up to a maximum value (see Fig. 5(a), labels 1 and 2) . At low pressures [e.g., 200 bar, Fig. 6(a) ], the electric fields of the core (solid line) and cladding (dashed line) modes are in different regions, meaning a weaker spatial overlap and small coupling. As a consequence, a low confinement loss is expected. Fig. 5(a) shows the z-component of the normalized power flow of the cladding mode-as noted, at low pressures it is confined to the cladding region. At high pressures [e.g., 380 bar, Fig. 6(b) ], on the other hand, a field component of each mode appears in the region of the other mode and, as a consequence, a stronger overlap and coupling between the modes happen.
The confinement loss is also dependent on the phase mismatch (difference between effective refractive indices) between core and cladding modes with same polarization (x or y). Label 1 in Fig. 3 shows the situation where the FM-y and FSM-y modes have the same refractive index. Fig. 5(b) shows the SPSM region (shaded region bar) where an extinction ratio greater than 20 dB was obtained. From Fig. 5(b) , it can be noted that the PER enhances dramatically with pressure (in the range of 350-380 bar) ranging from 0.01 to 30 dB. Such strong sensitivity could be potentially used to develop a hydrostatic pressure sensor.
The periodic behavior of the confinement loss observed in Fig. 5(a) , labels 3 and 4, is related to the coupling between the core and the cladding modes. This behavior is also found in the bending loss of curved photonic crystal fibers [22] , [23] .
A. Tuning the SPSM Regime
In the previous section, the SPSM regime was achieved for a fixed pressure of bar. Here, the possibility to get the SPSM regime in other pressures, if the operation wavelength is modified, will be shown.
The spectral dependence of the confinement loss for different hydrostatic pressures (330, 380, and 430 bar) are presented in Fig. 7 . The peaks in each figure represent the PMC coupling between the FM-y and FSM-y modes (the peak in Fig. 7(b) , in particular, is related to label 1 in Fig. 3) . As noted the PMC occurs, for each pressure, in a different operation wavelength: nm ( bar), nm ( bar) and nm ( bar). Therefore, if the input wavelength increases, then this should occur with the applied pressure to get the SPSM regime.
It is possible to observe that, for each operation wavelength, the confinement loss for the SM-x and FM-y modes is around dB/m and dB/m, respectively. Very high PER of about 287 dB at nm could be reached when 330 bar of hydrostatic pressure was applied to the mPOF. Considering dB as a limitrophe SPSM condition, it is possible to determine the bandwidth of SPSM operation. The maximum PER and the spectral operational range are summarized in Table I .
B. Influence of the Geometry in the SPSM Regime
It could be desirable to tune the SPSM regime to smaller pressures in order to reduce stress points within the fiber structure, keeping the operation wavelength fixed.
To accomplish this, a fiber with slight structural modification from the one shown in Fig. 1 was studied. The approach was based on changing the structure in order to modify the form birefringence, without drastically changing the birefringence of the FSM, and then anticipating the PMC coupling for smaller pressures.
The inset of Fig. 8(a) shows the new geometry that consists in changing the position of the four bigger holes that surround the core and reducing the size of the two other holes that complete the core area. The original geometry is marked in black while the new one in gray: the position of these four holes changed by 0.5 m in the direction to the fiber center while the two extra holes changed from 2.2 to 1.8 m in diameter. The new geometry reduces the core effective refractive indexes and increases the phase modal birefringence with respect to the initial value for bar and nm. As the new configuration only affects the inner ring slightly, the FSM maintaining the effective refractive indexes is almost unmodified.
It is important to note that mPOF are in general produced by drilling holes in a solid acrylic rod [3] which means that, in contrast with the stacking and draw technique widely used to produce silica photonic crystal fibers [1] , [2] , the holes position can be chosen with high freedom.
As a result it can be seen in Fig. 8 , for nm, that the PMC coupling (label 1) happens, as expected, to lower pressures (100 instead of 380 bar). In addition, the confinement loss for the SM-x and FM-y modes are around of and 38.8 dB/m, respectively, resulting in a PER of 38.8 dB ( nm), within the typical values presented in Table I , but with the advantage of reducing the operation pressure to 26% of the originally calculated value (see Fig. 5 ). The coupling of the core-cladding x-polarized modes also suffered a strong reduction going from 430 (see Fig. 5(a) , label 2) to 135 bar (see Fig. 8(a), label 2) . Apart from reducing the operation pressure, an extra advantage of this new geometry relates with the reduction of the built-in high-stress regions. While the region between each pair of larger holes that surround the core area has a stress as high as 2500 bar [see Fig. 2(b) ], the new geometry reduces this value to 640 bar. 
IV. CONCLUSION
An mPOF with side holes was proposed where the SPSM regime is induced by pressurizing the fiber hydrostatically. The external pressure induces anisotropic stress in the fiber cross section and works as a controllable optical loss mechanism that is related to the coupling between core and cladding modes. It was found that, in PMMA, the operation pressure is in the range of bar. Two methods were proposed for tuning the SPSM regime: 1) modifying the operational wavelength, and 2) taking advantage of the design freedom of mPOF, in particular for fibers manufactured by the drilling process (polymeric ones), to change the geometry slightly in order to play with the core birefringence and the effective refractive indexes of the core modes. The second approach allows reducing the applied pressure, with the extra advantage of alleviating mechanically the structure, and to keep the wavelength fixed.
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